The study of electronic excitations in hydrogen terminated silicon clusters is important for understanding the optical properties of confined systems such as quantum dots and porous silicon. Here we calculate the excitation energies and absorption spectra for Si n H m clusters using linear response theory within the time-dependent local density approximation (TDLDA). We find the computed excitation energies and photoabsorption gaps agree with available experimental data. The TDLDA optical absorption spectra exhibit a substantial blue shift with respect to the spectra calculated within the timeindependent local density approximation. This trend is consistent with other theoretical calculations for excited state properties, such as the Bethe-Salpeter technique.
INTRODUCTION
In recent years, atomic clusters have attracted significant attention because of their remarkable physical properties, which are vastly different from the properties of the bulk matter [1] . Among the various systems, hydrogen terminated silicon clusters are of special interest, since they can be used to investigate the absorption and emission of visible light in confined systems such as quantum dots or porous silicon [2] .
Calculating electronic excitations in atomic clusters is notoriously difficult. The commonly used techniques, such as the configuration-interaction method [3] , or the method based on solving the Bethe-Salpeter equation within the GW approximation [4, 5] , are computationally demanding and difficult to carry out for systems with more than a few atoms. In this work we employ a computational technique which is based on linear response theory within the time-dependent local density approximation (TDLDA) [6] . This technique can be viewed as a natural extension of the ground state density-functional formalism and the local density approximation to include the proper representation of the excited states. Compared to other theoretical methods, the TDLDA formalism requires less computational effort and can potentially be applied to much larger systems. It has been shown that for atoms, metallic and semiconductor clusters, as well as small molecules the TDLDA excitation energies and absorption spectra are in good agreement with experiment [6, 7, 8, 9] . However, the TDLDA technique has not been previously applied to hydrogenated semiconductor clusters.
THEORETICAL METHODS
A full description of the TDLDA theory can be found elsewhere [10, 11] . Within the TDLDA, the electronic transition energies Ω n are obtained from the solution of the eigenvalue problem as follows [11] :
where ω ijσ = ǫ jσ − ǫ iσ are the Kohn-Sham transition energies, f ijσ = n iσ − n jσ are the differences between the occupation numbers of the i-th and j-th states, the eigenvectors F n are related to the transition oscillator strengths, and K ijσ,klτ is a coupling matrix given by:
where i, j, σ are the occupied state, unoccupied state, and spin indices respectively, φ(r) are the Kohn-Sham wave functions, and v xc (r) is the LDA exchange-correlation potential. The TDLDA formalism was implemented within the higher-order finite difference pseudopotential method [12] . Our calculations were performed entirely in real space. We employed the Kleinman-Bylander form of Troullier-Martins nonlocal pseudopotentials [13] . The LDA exchange-correlation term was approximated by the Ceperley-Alder functional. The parametrization coefficients of the functional were adjusted to guarantee a continuous derivative for the correlation potential [14] . The structures of Si n H m clusters are shown in Fig. 1 . The cluster structures were obtained by starting with the coordinates of the bulk silicon and minimizing the total energy and interatomic forces. We carefully tested convergence of the calculated excitation energies and absorption spectra with respect to the size of the spherical boundary domain, the grid spacing, and the total number of electronic states included in calculations. For all clusters considered we required at least a 10 to 12 a.u. separation between any atom 
RESULTS AND DISCUSSION
The calculated absorption spectra of Si n H m clusters are shown in Fig. 1 . Along with the TDLDA spectra, we also included the spectra of time-independent Kohn-Sham LDA eigenvalues. In all cases we found that the TDLDA spectra display a significant blue shift with respect to the Kohn-Sham eigenvalue spectra. The difference becomes more profound as the size of the cluster increases. Unlike optical spectra of semiconductor clusters with open surfaces [7] , the TDLDA spectra of hydrogenated silicon clusters do not display low energy transitions associated with the surface states. Because of that, the values of the calculated photoabsorption gaps for Si n H m clusters are much larger than that for Si n clusters with open surfaces [2, 5] . In Table I , we compare the TDLDA values for the excitation energies of the first three Si n H m clusters with available experimental data as well as with the values calculated using the Bethe-Salpeter technique. The last column in Table I shows the Kohn-Sham LDA "ionization potentials" of the clusters, given by the negative values of the energies for the highest occupied LDA molecular orbitals −ǫ LDA HOMO . It has been shown, that while TDLDA calculations usually provide very good agreement with experiment for the excitation energies below −ǫ LDA HOMO , they often tend to underestimate electronic excitation energies above this threshold [9] . As Table I clearly demonstrates, the calculated TDLDA excitation energies for the transitions below, or close to −ǫ LDA HOMO are in fairly good agreement with experiment and with the Bethe-Salpeter values. The agreement deteriorates for higher excitations, which lie above −ǫ LDA HOMO . However, as the size of the cluster increases, the energy of the first allowed excitation moves further down from the LDA "ionization" energy, and the agreement with experiment improves. For large Si n H m clusters, the first allowed optical transition is always located below −ǫ LDA HOMO . On this basis, we believe that the TDLDA provides an accurate description for the low energy optical absorption and photoabsorption gaps in larger Si n H m clusters.
The variation of the photoabsorption gaps as a function of the number of silicon atoms in cluster is shown in Fig. 2 . We included the gaps calculated with the TDLDA, the time-independent LDA, and the Bethe-Salpeter techniques. The experimental data, where available, were also added in the plot. All theoretical methods correctly predict the decrease of the gap value with the increase of the size of the cluster. However, the time-independent LDA calculation underestimate the experimental photoabsorption gaps and reside well below the TDLDA and Bethe-Salpeter calculations for all the clusters examined. This trend is consistent with the well known LDA band gap problem, i.e., the LDA gap in solids is typically half the size of the true band gap. The photoabsorption gaps computed with the TDLDA technique agree well with experiment and are close to the Bethe-Salpeter values. As the clusters become larger, the separation between the time-independent LDA and TDLDA gaps also increases. It has been proposed that the TDLDA and LDA gaps should converge for an infinite system. This trend is not present for the clusters we have examined.
CONCLUSIONS
In summary, we have implemented the linear response theory within the time-dependent density-functional formalism and the local density approximation to calculate the excitation energies and absorption spectra of Si n H m clusters. The calculated excitation energies and photoabsorption gaps agree with available experimental data. The TDLDA optical absorption spectra are blue shifted with respect to the regular time-independent KohnSham LDA spectra. This is consistent with other theoretical calculations for excited state properties which also predicts larger values for the excitation energies and photoabsorption gaps.
